(commonly observed) alteration is a reduction in channel availability, even after fast inactivation has been removed by short conditioning steps ( Figures 1A and 1B) .
As mentioned above, several reports have suggested that the effects of GPCRs on Na ϩ channel gating may be reduced at more negative membrane potentials. To see if this was true in pyramidal neurons, the effects of 5-HT 2 receptor activation were examined at holding potentials of Ϫ70 and Ϫ100 mV. When holding at Ϫ70 mV, treatment with the 5-HT 2a/c agonist (Ϯ)-2,5-dimethoxy-4-iodoamphetamine hydrochloride (DOI ϭ 10 M) reduced both the peak Na ϩ current and the persistent Na ϩ current (Figure 2A) . A similar effect was observed when test steps were preceded by a brief hyperpolarizing conditioning step to remove fast inactivation ( Figure  2B ). As shown in Figure 2C , holding at Ϫ100 mV dramatically reduced the effects of 5-HT 2 receptor activation on both rapidly inactivating and persistent Na ϩ current.
5HT 2a/c Receptor Stimulation Reduces Na

؉
Channel Availability through a Mechanism Resembling Slow Inactivation
How might this voltage dependence arise? One possibility is that channels undergo a conformational change at negative membrane potentials that alters the consequences of phosphorylation. Slow inactivation is a ubiquitous feature of Na ϩ channel gating that is absent at inactivating depolarization ( Figure 3A , S1) with one that followed a 1 s repolarizing step to Ϫ90 mV (S2). In pyramidal neurons at room temperature, recovery from fast and voltage dependence strikingly similar to that of slow inactivation at Ϫ90 mV is biexponential, with the major inactivation. These effects are responsible for altercomponent ‫)%08ف(‬ having a time constant less than 10 ations in spike threshold and the ability to sustain repetims and a smaller, slower component with a time contive discharge in cortical pyramidal neurons. The slow stant near 200 ms. This means that after a second at Ϫ90 development and reversal of this voltage-dependent mV, Na ϩ channels have recovered from fast inactivamodulation of Na ϩ channel availability-on the time tion-making residence in the slow inactivated state the scale of seconds-leads to an activity-dependent form sole determinant of S2 amplitude. of short-term cellular plasticity capable of shaping synIn a sample of nine pyramidal neurons, the developaptic integration, dendritic electrogenesis, and repetiment of slow inactivation at Ϫ20 mV was well fit with a tive discharge.
single exponential having a time constant of 7.1 s (range, 5.6-8.7 s); 57% of the Na ϩ current became unavailable after 25 s (range, 48%-65%; n ϭ 9; Figure 3A ). DOI Results (10 M) significantly accelerated the reduction of Na ϩ channel availability attributable to slow inactivation ( ϭ In many neurons, activation of GPCRs leads to a modulation of Na ϩ channel gating. For example, 5-HT 2 recep-4 s; range, 3.6-4.9 s; n ϭ 9; p Ͻ 0.001, Kruskal-Wallis; Figure 3A ) and increased the extent of the reduction tor activation reversibly suppresses Na ϩ currents in pyramidal neurons acutely isolated from mouse prefrontal (68.3%; range, 60.6%-76.1%; n ϭ 9; p Ͻ 0.05, KruskalWallis; Figure 3A ). There was no evidence that the develcortex (Figures 1A and 1B ; Carr et al., 2002) . In these neurons, the suppression of Na ϩ currents evoked by opment of inactivation was biexponential in the presence of DOI, as might be expected if receptor activation depolarizing steps is attributable to two alterations in channel properties. One is a negative shift in the voltage promoted entry of channels into an "unavailable" state distinct from that of the slow inactivated state. dependence of fast inactivation ( Figure 1C) . The other The voltage dependence of slow inactivation was examined by varying the voltage of a 5 s conditioning step. As above, a brief test pulse was applied following a 1 s period at Ϫ90 mV to recover from fast inactivation (Figure 3C ). In the absence of DOI, data were well fit using a modified Boltzmann equation having a half-inactivation voltage of Ϫ42.4 mV (Ϯ2 mV, n ϭ 12). In the presence of DOI, the voltage required for half-maximal reduction in channel availability was significantly shifted to Ϫ57.6 mV (Ϯ2 mV; n ϭ 12; p Ͻ 0.001, paired t test; Figure 3C ), whereas the slope factor was not significantly altered (Ctrl, 8.1 Ϯ 0.6 mV; DOI, 7.1 Ϯ 0.5 mV; n ϭ 12; p Ͼ 0.05, paired t test; Figure 3C ). DOI application also increased the maximum fraction of the Na ϩ current that was made unavailable by depolarization (Ctrl, 54.6% Ϯ 4.8%; DOI, 79.2% Ϯ 3.6%; n ϭ 12; p Ͻ 0.001, paired t test; Figure 3C) .
To further probe the relationship between these two processes, the recovery rate of unavailable Na ϩ channels was determined. Na ϩ channels were inactivated (Ϫ20 mV for 5 s) and then allowed to recover at Ϫ80 mV. The progress of the recovery was monitored by brief (5 ms) test pulses to Ϫ20 mV. The recovery from slow inactivation was well fit by a single exponential ( Figure 3E ). Next, this process was examined after brief treatment with DOI. As shown above, treatment significantly decreased the fraction of available Na ϩ channels following recovery from fast inactivation (Ctrl, 32.2% Ϯ 1.6%; DOI, 57.4% Ϯ 4%; n ϭ 11; p Ͻ 0.001, paired t test; Figures 3E and 3F ), but it did not produce a significant change in the time constant of recovery of unavailable channels ( ctrl , 4 Ϯ 0.5 s; DOI, 6.1 Ϯ 1.1 s; n ϭ 11; p Ͼ 0.05, paired t test; Figures 3E and 3F) .
Taken together, these data show that the GPCRinduced reduction in Na ϩ channel availability is mediated by entry into an unavailable state bearing a strong resemblance to that of the slow inactivated state. Although there isn't a way to prevent native channels from undergoing slow inactivation, entry is hindered by increasing Na ϩ concentration in the outer regions of the channel pore (Townsend and Horn, 1997). If 5-HT 2 receptor activation reduced Na ϩ channel availability by promoting slow inactivation, then the modulation should be reduced by elevating extracellular Na ϩ concentration. In fact, the 5-HT 2 modulation was sensitive to Na ϩ ions: in low Na ϩ solutions (10 mM), DOI reduced the amplitude of persistent Na ϩ current evoked by a step to Ϫ20 mV inactivating and persistent Na ϩ current evoked by a 20 ms pulse to Ϫ20 mV from a holding potential of Ϫ70 mV (average reduction (peak), 34% Ϯ 3.1%; (persistent), 38.2% Ϯ 4.2%; n ϭ 11). The Activation of PKC and PKA also Reduce Na dal neurons were exposed to the PKC activator 1-oleoyl- Figure 4A ). OAG also shifted the voltage dependence of entry into this state toward more negative membrane potentials (V 1/2 (Ctrl), Ϫ37.6 mV; range, Ϫ36 to Ϫ41.4 mV; OAG, Ϫ40.9 mV; range, Ϫ39.4 to Ϫ50.9 mV; n ϭ 6; p Ͻ 0.05, Wilcoxon signed ranks test; Figure  4B ) without significantly affecting the slope factor (Ctrl, 7.6 mV; range, 6.1-7.7 mV; OAG, 7.7 mV; range, 6.3-7.7 mV; n ϭ 6; p Ͼ 0.05, Wilcoxon signed ranks test; Figure  4B ). The rate of recovery from slow inactivation was unaffected by OAG ( ctrl , 4.3 s; range, 3.7-8.2 s; OAG , 5.1 s; range, 4-10.4 s; n ϭ 6; p Ͼ 0.05, Wilcoxon signed ranks test; Figure 4C ). These results show that activation of PKC mimics 5-HT 2 receptor activation by promoting entry into a state like that produced by slow inactivation.
GPCRs that activate PKA are also known to suppress neuronal Na ϩ currents ( Previous studies have identified critical serine residues on the pore-forming ␣ subunit of Na v 1.2 that are necessary for PKA/PKC modulation of Na ϩ currents (Cantrell alone is sufficient to reduce the availability of the normally heteromeric Na ϩ channel. To answer this question, and Catterall, 2001). However, these studies have not determined whether phosphorylation of the ␣ subunit Na v 1.2a ␣ subunits were expressed in tsA-201 cells. Na ϩ currents in these cells exhibited slow inactivation that was similar to that found in neurons. More importantly, activation of PKC with OAG (20 M) enhanced the reduction of Na ϩ channel availability caused by slow inactivation ( Figure 6A ), negatively shifting its voltage dependence (V 1/2 (Ctrl), Ϫ32.8 Ϯ 2.1 mV; V 1/2 (OAG), Ϫ56.8 Ϯ 3.6 mV; n ϭ 9; p Ͻ 0.05, Kruskal-Wallis) and increasing the extent of reduction (Ctrl, 57% Ϯ 4%; OAG, 81% Ϯ 6%; n ϭ 9; p Ͻ 0.05, Kruskal-Wallis). The modulation by OAG was blocked by the PKC inhibitor staurosporine (1 M, n ϭ 3), consistent with a direct action of PKC.
Activation of PKA with cBIMPS (50 M) also reduced Na ϩ channel availability in a voltage-dependent manner. However, its effects were smaller than those produced by activation of PKC ( Figure 6B ). The voltage for halfmaximal reduction of Na ϩ channel availability was shifted 3.1 mV (V 1/2 (Ctrl), Ϫ39.6 Ϯ 1.1 mV; V 1/2 (cBIMPS), Ϫ42.7 Ϯ 1.3 mV; n ϭ 9; p Ͻ 0.05, Kruskal-Wallis), and the extent of reduction of the Na ϩ current was increased from 52% Ϯ 3% to 59% Ϯ 4% (n ϭ 9, p Ͻ 0.05, KruskalWallis).
Given the prominent role of protein phosphorylation in the regulation of Na ϩ channel availability, it is possible that channel phosphorylation is necessary for expression of slow inactivation. To test this possibility, mutant Na v 1.2a ␣ subunits (PKA TOT ) having all four serine residues targeted by PKA mutated to alanines (S573A, S610A, S623A, and S687A) were expressed in tsA-201 cells. Na ϩ channels formed by this subunit are refractory to PKA modulation (Cantrell et al., 1997). Slow inactivation of PKA TOT Na ϩ channels had properties that were indistinguishable from those of wild-type Na v 1.2a channels-showing that phosphorylation of these sites by PKA is not necessary for the expression of slow inactivation (data not shown).
PKA TOT channels also have mutations at two PKC phosphorylation sites (S554A and S573A), leaving just two other known targets for this protein kinase (S576 and S1506) (Cantrell et al., 1997; Cantrell and Catterall, 2001) . Previous work has shown that the PKC modulation of PKA TOT channels is attenuated in a conventional voltage clamp paradigm. As one might predict, the ability of PKC activation to promote entry into a slow inactivated state was significantly reduced in cells expressing the PKA TOT channels ( Figure 6C ). Previous studies have known phosphorylation sites could become less acces-sible, diminishing the efficacy of GPCR and protein kinase signaling. To determine if this mechanism was contributing to the observed effects, the ability of PKC to regulate Na ϩ channels was examined by activation of 5-HT 2 receptors at hyperpolarized membrane potentials where there was no discernible change in channel availability. If channels were efficiently phosphorylated at this membrane potential, they should remain susceptible to depolarization after protein kinase activity had been terminated, as long as dephosphorylation by protein phosphatases was blocked. To accomplish this, inhibitors of protein phosphatases 1, 2A, and 2B were used to arrest phosphatase activity (okadaic acid; PP2B inhibitory peptide). These inhibitors had no effect on the slow inactivation of Na ϩ channels on their own ( Figure 7C ; n ϭ 7; p Ͼ 0.05, Kruskal-Wallis). With protein phosphatases inhibited, neurons were subjected to a modified slow inactivation protocol ( Figure 7A) . First, neurons were exposed to the 5-HT 2 receptor agonist DOI (10 M) while holding at Ϫ90 mV. The DOI application was terminated and the cell was washed for 10 s to terminate protein kinase activation; in control recordings, the recovery of the DOI modulation typically had a time constant of less than 10 s (n ϭ 7), suggesting that protein kinase activity levels had returned to near baseline by this time (see Figure 1A) . Next, after washing, neurons were subjected to the same slow inactivation protocol shown in previous figures. In this paradigm, DOI clearly reduced channel availability as much as in earlier experiments ( Figure  7B ), arguing that protein phosphorylation proceeded normally at Ϫ90 mV. In the absence of the phosphatase inhibitors, the brief DOI exposure produced no modulation of Na ϩ currents (data not shown). Results from five neurons are summarized in Figure 7C . Although these findings do not exclude the possibility that stronger membrane hyperpolarization could impede channel phosphorylation, they show that the voltage dependence seen here is not attributable to such a mechanism. was just slow inactivated, separate states (S1 and S2) were created. Transitions between these states and transitions into them from other closed or inactivated states as well as serially linked slow inactivated states currents in pyramidal neurons, the model was constrained to fit data describing the development of slow were omitted for simplicity and computational tractability.
A Simple Markov Model Reproduces Slow
inactivation and its subsequent recovery using long voltage steps ( Figure 8B ). This could be achieved by adAfter adjusting parameters to mimic fast gating of Na ϩ justing the voltage-independent rate constants governadjusting the model to account for the shift in fast inactivation voltage dependence, an attempt was made to ing occupancy in S1 and S2. With voltage steps, entry into the slow inactivated state occurred primarily from simulate consequences of GPCR activation on slow inactivation. Surprisingly, the development and recovery the fast inactivated (I6) state (see Figure 8B, 
inset).
How might channel phosphorylation change channel from slow inactivation in pyramidal neurons following 5-HT 2 receptor stimulation could be reproduced by gating? As shown above, phosphorylation accelerates the development of slow inactivation generated by voltroughly doubling a single rate constant, ␣2S, which governs entry into the slow inactivated state from the fast age steps, but it does not alter the rate at which channels recover-suggesting that entry into (but not exit from) inactivated state ( Figure 8C found during working memory tasks in prefrontal cortex mV repeated at 50 ms intervals were used ( Figure 8C Figure 9C ). However, inactivated) state (see Figure 8E , inset, for model predicholding the membrane near Ϫ90 mV for 5 s (long enough tions). To experimentally test this prediction, the pulse to remove slow inactivation) reinstated the ability of the protocol shown above ( Figure 8C ) was delivered to pyracell to fire repetitively (data not shown). Together, these midal neurons in the presence and absence of the 5-HT 2 data argue that GPCR-mediated modulation of entry of receptor agonist DOI. As predicted by the model, DOI Na ϩ channels into a slow inactivated state can signifidid not increase the amount of slow inactivation (median cantly constrain the ability of pyramidal neurons to sus-SI before DOI, 21%; after, 21%; n ϭ 5; Figure 8E) . tain the types of repetitive spiking thought to be imporDoes this mean that channel phosphorylation has no tant in processes like working memory. effect in naturally occurring situations? The pulse protocol used in these experiments differs from naturally ocDiscussion curring spike trains in at least one important respect. Namely, in neurons the average membrane potential Neuromodulation of Na ؉ Channel Availability between spikes is more depolarized than that used in
Creates a Novel Form of Functional Plasticity this protocol. In principle, with more depolarized in-GPCR-induced reductions in Na ϩ channel currents are terpulse potentials, occupancy in fast inactivated states a major means of modulating activity in neuronal and should increase, leading to more slow inactivation folexcitable nonneuronal cells ( (Figure 8F, inset) . To test pore-forming ␣ subunit (Cantrell and Catterall, 2001 ). this prediction, pyramidal neurons were re-examined The principal change in Na ϩ channel function induced with this modified pulse protocol. In this situation, 5-HT 2 by protein phosphorylation is a reduction in "availability" receptor activation significantly increased the amount of manifested as smaller Na ϩ currents, even when fast slow inactivation (median SI before DOI, 31%; after, inactivation has been removed. 52%; n ϭ 7; p Ͻ 0.05, Kruskal-Wallis; Figure 8F (C) The facilitation of spike failure and elevation in spike threshold by DOI was not due to its effect on fast inactivation of Na ϩ channels. When a 100 ms hyperpolarizing current injection was introduced between depolarizing pulses to relieve fast inactivation, DOI still produced an elevation in spike threshold and higher probability of spike failure. The first spike of the second depolarization is shown at higher magnification to better illustrate the spike threshold elevation produced by DOI.
rons, slow inactivation only occurs at relatively depolarsible for reducing spike rate during repetitive stimulation and, eventually, for spike failure (Fleidervish et al., 1996) . ized membrane potentials (see Figure 2) , and spiking is a particularly effective means of generating slow inactiLike slow inactivation, activation of GPCRs effectively changes Na ϩ channel availability most profoundly durvation (Fleidervish et al., 1996; Jung et al., 1997) . In cortical pyramidal neurons, slow inactivation is responing periods of prolonged activity, with the magnitude of the modulation increasing with magnitude of the activity. agonists. Similarly, activation of PKA with cBIMPS reduced Na ϩ channel availability through an analogous For example, in our experiments, 5-HT 2 receptor stimulation dramatically accelerated the elevation in spike process, in agreement with previous results showing the voltage dependence of the D 1 receptor mediated threshold and eventual spike failure in pyramidal neurons seen with sustained stimulation, suggesting that suppression of Na ϩ currents in hippocampal pyramidal neurons (Cantrell et al., 1999) . Taken together, these serotonergic modulation of Na ϩ channel availability may be a critical regulator of working memory (Fuster, 1991;  findings argue that the slow, voltage-dependent modulation in Na ϩ channel gating described here is a general Goldman-Rakic, 1999).
The slow, activity-dependent GPCR modulation of mechanism by which GPCRs can modulate cellular excitability, integration, and spiking in neurons throughout Na ϩ channel availability may play its most important functional role in dendrites. Na ϩ channels are prominent the brain. There may be exceptions, however. In hippocampal in both proximal and distal dendrites of most neuronal classes (Johnston et al., 1996) . Slow inactivation of these pyramidal neurons, phorbol esters appear to slow the development of slow inactivation in dendritic Na ϩ chanchannels is known to be a key determinant of activitydependent attenuation of back-propagating spikes (Colnels (Colbert and Johnston, 1998 , 1999a) , suggesting that the basal phosphorylation of dendritic depend upon PKC activation, and if so, whether there are differences in the consequences of phosphorylation Na ϩ channels may be higher than in proximal regions. In these dendritic regions, Na ϩ channel density is lower for somatic and dendritic Na ϩ channels. Even if dendritic Na ϩ channels in pyramidal neurons respond to PKC than in soma/initial segment, making regenerative events more sensitive to reductions in Na ϩ channel availability activation as other Na ϩ channels do, GPCR activation of PKA/PKC may initially enhance back propagation of within the range produced by neuromodulator action. Figures 8E and 8F . rents, the Na ϩ gradient across the cell membrane was reduced by replacing all but 10 mM Na ϩ in the external solution and including 5 mM Na ϩ in the internal solution. The intracellular solution con
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